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Abstract Pickup ion detection at Titan is challenging because ion cyclotron waves are rarely detected
in the vicinity of the moon. In this work, signatures left by freshly produced pickup heavy ions (m∕q∼ 16
tom∕q ∼ 28) as detected in the plasma data by the Cassini Plasma Spectrometer/Ion Mass Spectrometer
(CAPS/IMS) instrument on board Cassini are analyzed. In order to discern whether these correspond to ions
of exospheric origin, one of the ﬂybys during which the reported signatures were observed is investigated
in detail. For this purpose, ion composition data from time-of-ﬂight measurements and test particle
simulations to constrain the ions’ origin are used. After being validated, the detection method is applied to
all the ﬂybys for which the CAPS/IMS instrument gathered valid data, constraining the region around the
moon where the signatures are observed. The results reveal an escape region located in the anti-Saturn
direction as expected from the nominal corotation electric ﬁeld direction. These ﬁndings provide new
constraints for the area of freshly produced pickup ion escape, giving an approximate escape rate of
3.3+3−2 × 10
23 ions⋅ s−1.
1. Introduction
After more than 110 dedicated ﬂybys, the Cassini spacecraft has sampled the magnetospheric environment
surrounding Titan, as well as its complex atmosphere and ionosphere, with both in situ and remote sensing
measurements, providing an extensive data set to perform statistical studies of diﬀerent aspects related to
the moon-magnetosphere interaction.
Planetary bodies with atmospheres are constantly subjected to a variety of processes that contribute to the
loss of atmospheric and ionospheric particles to surrounding space. Themain processes causing atmospheric
loss are the Jeans escape, which happens when atmospheric neutral particles are heated by external sources
(e.g., solar radiation) until they reach a thermal velocity that surpasses the escape velocity, and the hydrody-
namic escape, where the combination of heating from solar energy and upward thermal conduction leads to
a constant outﬂow of neutrals [Johnson et al., 2009].
At Titan, the Jeans parameter 𝜆 (the ratio between gravitational and thermal energy), which determines the
escape process, is relatively large. As a consequence, Jeans escape is the predominant loss process for low
mass ions (H2), while for larger masses (CH4 and N2) sputtering or ionization and further ion pickup domi-
nate. This was further conﬁrmed in Tucker and Johnson [2009] by means of a direct simulation Monte Carlo
description of the mass loss process.
Atmospheric escape rates of diﬀerent species at Titan have been calculated by several authors. Good gen-
eral reviews on the topic are available in Johnson et al. [2009] and Strobel and Cui [2014]. The H2 escape
rate was calculated separately by Strobel [2009] and Cui et al. [2011] with both obtaining identical results of
9.2×1027H2 ⋅s−1. For the case of atomic H,Hedelt et al. [2010] estimated a Jeans escape rate of 1.74×1027H⋅s−1
using a combination of data from the HDAC instrument from Cassini’s T9 ﬂyby and Monte Carlo simulations.
When it comes to neutral CH4, an escape rate of 1.7 × 1027CH4 ⋅ s−1 was inferred by Strobel [2009] based on
Ion and Neutral Mass Spectrometer (INMS) measurements and ionospheric chemistry models. However, an
imbalance between the production and escape of CH4 remains.
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In terms of ionospheric escape, the main processes are ﬁeld-aligned outﬂows and pickup ion escape. The
ﬁrst process, analogue to the polar wind observed in the Earth’s magnetosphere, is driven by photoelectrons
whichmove along themagnetic ﬁeld and set up an ambipolar electric ﬁeld that causes ions to escape [Coates
et al., 2015]. Pickup ion escape happens when a new ion with a relatively low thermal velocity is aﬀected by
local electromagnetic ﬁelds, accelerating it initially in the direction of the local electric ﬁeld and subsequently
producing a gyration around the magnetic ﬁeld according to the Lorentz force. Pickup ions, apart from their
contribution to ionospheric escape, have been also shown to play an important role when they reencounter
the atmosphere inducing exospheric heating and further losses through atmospheric sputtering [Tseng et al.,
2008;Michael et al., 2005].
For ﬁeld-aligned outﬂows, Coates et al. [2012] looked at Cassini Plasma Spectrometer/Electron Spectrometer
(CAPS/ELS) and CAPS/Ion Mass Spectrometer (IMS) data from the T9, T63, and T75 ﬂybys (all distant tail
encounters) and estimated total plasma loss rates of the order of 1024ions ⋅ s−1. When looking at diﬀerent
masses (speciﬁcally m∕q = 1 − 2, m∕q = 16, and m∕q = 28), they reported consistently lower values for
the lowmasses as well as variations between the diﬀerent encounters. These diﬀerences could be due to real
variations or uncertainties in the estimations.
Ion escape was also estimated by Sittler et al. [2010], using CAPS data for the T9 and T18 ﬂybys, at
∼4 × 1024ions ⋅ s−1 and by Wahlund et al. [2005] using Langmuir probe data from the ﬁrst two close ﬂybys
(TA and TB), estimating an ionospheric escape ﬂux of 1025ions ⋅ s−1.
Given the dynamic nature of Titan’smagnetospheric environment, the escape rates seem to vary according to
factors such as the upstream plasma conditions. This was demonstrated using hybrid simulations by Lipatov
et al. [2011] where the inclusion of O+ in the background plasma helped them reproduce the ion densities
observed during the T9 ﬂyby.
More recently,Woodson et al. [2015] studied the composition of ions escaping from Titan using CAPS/IMS and
INMS data from the T40 encounter, ﬁnding that the spectra are dominated by a light population, formed of
H+, H+2 , and H
+
3 (being this the ﬁrst detection of H
+
3 in Titan’s exosphere), and two hydrocarbon groups.
The main focus of this paper is the ionospheric escape by freshly produced heavy (m∕q ∼ 16 to m∕q ∼ 28)
pickup ions. Pickup ions are initially accelerated along the local electric ﬁeld and, given that the electric ﬁeld
is nominally perpendicular to themagnetic ﬁeld, the original populationwill have a narrowpitch angle (angle
between the ion’s parallel velocity and the local magnetic ﬁeld direction) distribution centered at 90∘, corre-
sponding to a ring distribution in velocity space. This situation can diﬀer when the ﬁeld has a strong radial
component while the corotating ﬂow still dominates. In such conditions, freshly produced pickup ions can
have an important ﬁeld-aligned velocity component and the original pitch angle distribution will diﬀer from
the aforementioned ring distribution. These cases are not detectablewith the analysis presented in this paper
and are thus not considered.
The ring distribution is unstable to the creation of ion cyclotron waves (ICWs), one of the main footprints
left by the creation of pickup ions that has been observed at diﬀerent solar system bodies like comets
[Coates et al., 1990, 1993; Coates and Jones, 2009], Mars, and Venus [Cravens et al., 2002; Rahmati et al., 2015;
Grebowsky et al., 2004] as well as several moons in the Jovian [Crary and Bagenal, 2000; Huddleston et al., 2000;
Volwerk et al., 2001] and Saturnian [Teolis et al., 2010; Tokar et al., 2008, 2012] systems.
At Titan, however, ICWs are rarely observed, with indications of their presence in only two of the more than a
hundred ﬂybys to date, namely T63 and T98 [Russell et al., 2016]. Cowee et al. [2010] used 1-D simulations to
study the growth of waves and attributed the lack of these to diﬀerent causes like the fact that the ambient
magnetic ﬁeld at Titan’s orbit is variable enoughas to leaveany ICWsignatureburied in thenoise. Alternatively,
the waves have a growth time that exceeds the convection time of the ﬂux tubes crossing Titan’s interaction
region,making it impossible to detect thembefore they are diﬀused in themagnetospheric environment past
the moon.
Even though ICWs are generally not observed, pickup ions also leave a clear signature in the ion data [Hartle
et al., 2006; Coates, 2009]. Additionally, while the magnetospheric plasma at Titan’s orbit is mainly composed
of H+ H+2 , and W
+ [Thomsen et al., 2010], the ionospheric plasma outﬂow has high concentrations of H+2 ,
CH+4 , and N
+
2 , as well as other chemical ion-neutral subproducts from the original ionization of molecular
nitrogen and methane that have been detected escaping from the moon such as CH+3 , CH
+
4 , CH
+
5 , HCNH
+,
and C2H
+
5 , using both the Ion and Neutral Mass Spectrometer (INMS) [Westlake et al., 2012] and CAPS/IMS
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Figure 1. Cassini’s trajectory during the T70 ﬂyby. The plot is
shown in TIIS coordinates with the X axis pointing toward the
ideal corotation direction, the Y axis toward Saturn, and the Z
axis completing the right-handed coordinate system. The green
marker shows the moment of CA, and the black marker shows
the starting point of the shown trajectory.
[Sittler et al., 2010]. For this reason, analyzing the
composition of the detected ions can provide a
hint as to their origin as well.
The instability of the ring distribution men-
tioned above leads to the diﬀusion of the pitch
angle distribution of the newly created ion pop-
ulation toward a shell distribution. Additionally,
due to the energy lost to the waves, the energy
of the original population will also get diﬀused,
ending up, after a few gyrations, in a popula-
tion much wider in energy as well. Since the
gyrations undergone and the distance traveled
from the position where the ions were created
are directly related to the mass of the ions, the
detection of pickup ions in the early phase of the
pickup process, i.e., still on a ring distribution, is
more likely for heavy species than for light ions.
In this paper, we provide a survey of pickup
ion signatures detected by the CAPS/IMS instru-
ment on board Cassini. We focus on the ions
detected in the early stages of the pickup pro-
cess by performing a systematic study of the
observed signatures. We analyze in detail one of
the ﬂybys where the features of interest are observed to support the idea that those features correspond
to freshly produced pickup ions. Based on that analysis, we identify the position with respect to the moon
where similar signatures are observed during the diﬀerent ﬂybys. These locations are then presented on a
Titan-centered map to deﬁne a region where heavy ions are ﬂowing away from the moon.
Finally, the ion ﬂuxes through three diﬀerent planes with cross sections deﬁned by the identiﬁed signatures
are estimated based on the diﬀerential energy ﬂux measurements provided by CAPS/IMS.
2. Data Set
In the present survey, ion data from the CAPS/IMS instrument on board Cassini are used in order to directly
detect the presence of pickup ions by the characteristic signature they leave.
The survey is focused on the detection of pickup ions in the early stage of the pickup process, while they are
still on a ring distribution in velocity space. The main signature of ions in this distribution is a narrow feature
with pitch angles very close to 90∘. These features are present in the plasma data and have been described
and analyzed for the ﬁrst Titan ﬂyby (TA) by Hartle et al. [2006].
In this study, we looked at all the Titan ﬂybys for which CAPS/IMS data are available. Unfortunately, the CAPS
instrument was turned oﬀ in 2012 after the 83rd Titan ﬂyby, but valid data for a total of 73 close ﬂybys are
available. For each of those ﬂybys we searched for the same type of features reported by Hartle et al. [2006] in
order to perform a statistical study of the frequency and location where these features are observed.
In order to validate our analysis and make sure that the signatures we study correspond to freshly produced
pickup ions, we chose one speciﬁc ﬂyby, namely T70, to perform a thorough analysis of the ﬂyby data. T70
occurred on 21 June 2010with closest approach (CA) happening at 01:27UT at an altitude of 878.1 km. During
the ﬂyby, Cassini ﬂew outbound (away from Saturn) from the plasma wake side of Titan toward the ram side
over the north pole. The trajectory is shown in Titan interaction coordinate system (TIIS) in Figure 1.
The analysis performed for T70 is described in the next section and includes composition analysis based on
coincident time of ﬂight (TOF) measurements as well as a backtracing of ions on a background ﬁeld from
hybrid simulations in order to estimate the origin of the observed features.
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Figure 2. Pickup ion signatures detected by CAPS/IMS during the T70 ﬂyby. (ﬁrst panel) Magnetic ﬁeld data in
Saturn-centered coordinates; (second panel) ion spectrogram for anode 4 with signatures left by freshly produced
pickup ions encircled by white ovals; (third panel) instantaneous pitch angle detection for anode 4; (fourth panel)
normalized counts for all the anodes; and (ﬁfth panel) detail of the time where the signatures referred to are detected
with signatures once again encircled by red ovals (the ﬂux range and the colormap were changed to enhanced
signatures of interest). Red vertical lines in Figure 2 (ﬁrst to fourth panels) mark the pickup ion signatures with 90∘ pitch
angle. For the region marked with a black rectangle in the low energies at the middle of Figure 2 (second panel), data
are not collected to protect the instrument while traversing the ionosphere. The wavy structure of the spectrograms is
an eﬀect of the instrument’s actuator [Young et al., 2004].
For the rest of the ﬂybys, the timeswhen the signatures are observed and the corresponding location in space
around Titan were recorded to provide a three-dimensional map of the positions where newly created ions
are detected by Cassini.
3. Data Analysis
Figure 2 shows plasma data for the T70 ﬂyby. Figure 2 (ﬁrst panel) shows magnetic ﬁeld data in Saturn-
centered polar coordinates (𝜌, 𝜃, 𝜙). Of all the Titan ﬂybys to date, T70 was the only one with a magnetic ﬁeld
conﬁguration similar to that observed by Voyager 1, with the ﬁeld being mostly aligned with the planet’s
rotation axis pointing southward [Simon et al., 2015].
Figure 2 (second and third panels) shows the energy spectrogram as detected by anode 4 and the instan-
taneous pitch angle coverage by the same anode, respectively. The narrow features highlighted with white
circles are the ones left by freshly produced pickup ions. A detail of these features can be seen in Figure 2 (ﬁfth
panel), where the ﬂux scale and colormap were changed in order to better highlight them (marked with red
circles in this panel).
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Figure 3. Angular distributions as captured by CAPS/IMS. The circle in the middle shows the ﬁeld of view of the
instrument with the plus sign marking the location of Saturn and the triangle the direction of ideal corotation. The
plotted values in both panels reﬂect the counts at the peak energy of the distribution at the given time. (left) The
distribution at the time where the signatures are detected (enmarked in white rectangle), showing a narrow distribution
with pitch angle of 90∘ well away from the corotation direction. (right) The distribution upstream of the moon (after CA)
showing a clear enhancement in the corotation direction.
The features are detectedwhen the instrument is looking at pitch angles of 90∘ andhave a very narrowenergy
distribution. This is because they are detected by the instrument within the ﬁrst gyration or at least before
they get scattered in the ambient plasma and thus still have a beam-like distribution.
Figure 2 (fourth panel) shows normalized counts detected by each one of the eight CAPS/IMS anodes. To get
these normalized counts, for each individualmeasurement (timeslice), themaximumvalue of all the anodes is
taken, and all the values are divided by the absolutemaximumof thewhole time covered. This is a similar plot
to the one presented byWilson et al. [2010] using CAPS data near Rhea and, even though the electromagnetic
environment at Titan is much more complex than at Rhea, outside the interaction region this plot gives an
idea of the direction where the ﬂow is coming from.
By looking at the normalized counts in Figure 2, we may infer that the corotating ﬂow was not in the ﬁeld of
view of CAPS/IMS during the interval where the sample was taken. This is because the signal is rather weak in
all anodes during the whole time, except for some enhancement present between ∼01:35:00 and ∼01:55:00,
right after CA. These enhancements correspond to the signals interpreted as pickup ions.
There is also a much wider distribution before CA (between 01:00:03 and ∼01:16:00) that seems to peak out-
side anode 8. This wider distribution suggests a magnetospheric origin, so it can be seen that the signatures
detected are actually coming from somewhere else.
The distinction between the origin of the signatures and the corotation direction is also visible in Figure 3
where angular distributions of the ion populations captured by CAPS/IMS for two diﬀerent times are shown
(left during the time of the detection and right after leaving the interaction region, in the upstream magne-
tospheric ﬂow). The pickup ion signatures are marked in Figure 3 (left) with a white square.
The CAPS/IMS analyzer has an intrinsic energy resolution of ΔE∕E = 0.17. The fact that the signal in the bins
adjacent to the peak channel in Figure 2 is at about 1 order of magnitude lower than the peak indicates that
the distribution of the detected ion population is relatively narrow, with a thermal spread of <∼170 eV. Such
a narrow distribution, also visible in the spectrum shown in Figure 4, is strong evidence that these ions are of
local origin.
Another indication that the population might correspond to freshly produced pickup ions is that their pitch
angle is rather narrowly conﬁned to 90∘, something expected for pickup ions relatively close to the source
(within the ﬁrst gyration after being picked up). Since the electromagnetic environment at Titan is quite vari-
able [Backes et al., 2005; Bertucci et al., 2007; Simon et al., 2015], it is expected that the distribution will change
fairly fast once the ions drift away from the region where they were created.
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Figure 4. Diﬀerential energy ﬂux (DEF) spectrum for anode 4 during
the detection of one of the features hereby interpreted as freshly
produced pickup ions.
At Titan’s orbit, due to the centrifugal
forces imposed by the fast rotation of the
planet, it is expected that the magne-
tospheric plasma will have pitch angles
close to 90∘ as well. For this reason,
it is important to rule out that at the
moment of the detection, CAPS/IMS is
not detecting background plasma from
Saturn’s magnetosphere.
A further analysis to determine whether
the ions originate near themoon or at the
magnetosphere involves examining the
plasma composition from the TOF data.
Figure 5 shows composition information
for diﬀerent periods before and after CA.
The region in between is excluded from
the analysis since Cassini ﬂew through the ionosphere where pickup ions would not be present. For each
panel, the time shown corresponds to the beginning of a 4 min integration.
Asmentioned before, themagnetospheric plasma at Titan’s orbit (20 RS) is mainly composed of H
+ (m∕q = 1),
H+2 (m∕q = 2), andW
+ (m∕q ∼16) [Thomsen et al., 2010]. The ﬂuxeswill depend on the position at a given time
Figure 5. Ion composition obtained from time-of-ﬂight (TOF) analysis with integration time of 4 m and 16 s (times
shown correspond to start of integration). (top row) The data obtained before CA but already within Titan’s interaction
region, where enhancements on m∕q = 2, m∕q = 16, and m∕q = 28 populations are visible. (second row and bottom
left) Data obtained during the time when the pickup ion signatures were observed. (bottom right) Data from a time
after CA when Cassini was already upstream of the moon.
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Figure 6. Cassini’s trajectory during the T70 ﬂyby with the instantaneous CAPS/IMS look direction overplotted (black
lines). The red arrows at the beginning and the end of the trajectory indicate the direction of travel, and the seven thick
red lines (three before CA and four after CA) show the locations where signatures with 90∘ pitch angle are observed. The
three detections after CA are the ones interpreted as freshly produced pickup ions.
of themagnetospheric current sheet with respect to the equatorial plane, given the change in shape that the
current sheet undergoes due to the interaction of the planet’smagnetic ﬁeldwith the solarwind [Arridge et al.,
2011]. Additionally, the detected ﬂuxes will vary according to the angle between corotation direction and the
instrument’s look direction.
From Figure 5 it can be seen that as Cassini approaches Titan, an enhancement in m∕q ∼ 16 ions with low
energy (around 10 eV, likely ﬁeld-aligned outﬂows) is present (before CA). Once Cassini leaves the ionosphere,
an enhancement in higher energy m∕q ∼ 16 ions (around 1 keV) as well as close to m∕q ∼ 28 ions (again
at 1 keV) occurs. It is beyond the scope of this study to identify the actual composition of these ions, but
this enhancement could be due to any of the ions reported in the literature, such as CH+3 , CH
+
4 , or CH
+
5 for
m∕q ∼ 16 or HCNH+ form∕q ∼ 28 [Westlake et al., 2012; Sittler et al., 2010]. A detailed explanation of the TOF
measurements and the ion species determination using CAPS can be found in Thomsen et al. [2014].
What is clear throughout the whole period analyzed except for the last panel (Figure 5, bottom right, at
01:56:18) is that there was an enhancement of m∕q = 2 with respect to m∕q = 1. This is also interpreted
as H+2 being picked up from the moon and directed by the local electromagnetic ﬁeld toward Cassini, some-
thing that was ﬁrst reported in Sittler et al. [2010]. These ions leave a signature much wider in pitch angle and
energy than heavy ions since by the time they reach the instrument, they have undergone many gyrations
due to their lower mass and consequently smaller gyroradius.
In Figure 5, the three panels obtained at 01:43:30, 01:47:46, and 01:52:02 are coincident with the time of
the detections being analyzed here. It can be seen that at approximately 1 keV (the same energy of the fea-
tures shown in Figure 2) an enhancement on them∕q ∼ 16 tom∕q ∼ 28 can be observed. This observation,
combined with the narrow distribution already shown, is an indication of the presence of heavy pickup ions
being detected by the instrument.
The enhancement in the channel corresponding to O−, corresponding to negative oxygen ions produced at
the carbon foil [Thomsen et al., 2010], is an indication that them∕q ∼ 16 detection corresponds to a mixture
of both ionospheric (possibly CH4) and magnetospheric (O
+) origin.
Figure 6 shows Cassini’s trajectory during the ﬂybywith the look direction of CAPS/IMS overplotted. The three
thick red lines before CAmark the location, where the signatures with wide energy distribution and 90∘ pitch
angle are detected. The three thick red lines after CA mark the locations where the freshly produced pickup
ions are observed.
Notice that the lookdirectionof the instrument afterCAmatches that expected for thedetectionof exospheric
ionsbeingpickedupalong thedirectionof the ideal corotationelectric ﬁeld,whereas the lookdirectionbefore
CA corresponds to that expected for the detection of magnetospheric ions or, as stated above, ﬁeld-aligned
outﬂows that are able to reach that location due to local electromagnetic disturbances.
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Figure 7. Ion trajectories backtraced from the instrument’s position during the time when the two signatures around
1:46:43 in Figure 2 are observed. The ions simulated are m∕q = 16. The sphere at the center represents Titan with the
spherical mesh representing the location of the moon’s exobase (1450 km above the surface). The dashed line shows the
trajectory of Cassini during the ﬂyby, the orange lines represent trajectories that map back to the magnetosphere while
the blue ones represent trajectories of ions that seem to be coming from the exosphere. The ions were simulated with
an energy range from 500 eV to 1 keV, and the background ﬁelds were obtained from an A.I.K.E.F. hybrid simulation. Both
ﬁgures are in TIIS coordinates with the left one showing the trailing hemisphere and the right one the anti-Saturn side.
A ﬁnal analysis to better constrain the origin of the ions consists of a test particle simulation to backtrace
ions from the instrument with a background ﬁeld to conﬁrmwhether they come from themagnetosphere or
from the exosphere. For this, the same tracing software package used in Regoli et al. [2015] was used with the
electromagnetic ﬁeld conﬁguration for T70obtained fromahybrid simulation (kinetic ions andﬂuidelectrons)
using the A.I.K.E.F. code [Müller et al., 2011].
For the simulation, the time surrounding the ﬁrst two signatures encircled in white in Figure 2, speciﬁcally
from 01:40:00 to 01:50:00, was considered. Single charged ions with m = 16 and energies from 500 eV to
1 keV were backtraced from the position and into the look direction of the instrument. For the tracing, the
elevation and azimuth ﬁelds of view of the instrument were taken into account. Figure 7 shows the results of
the simulation. The fact that some of the trajectories seem to coincide with ions coming from the exosphere
and reaching the instrument within their ﬁrst gyration further conﬁrms that the signatures observed could
be produced by ions coming from the moon.
Since no information on the upstream composition is given as an input for the backtracing simulations, the
results can only be interpreted in connection with the other analyses presented in this section. The fact that
some of the ions simulated originate from the magnetosphere does not mean that ions with m = 16 are
indeed coming from the magnetosphere. The simulations can only tell that, given the electromagnetic ﬁeld
conﬁgurationobservedduring the T70ﬂyby, if a populationof heavy ionswerepresent in themagnetosphere,
these could indeed reach the instrument at the simulated time period.
In general, these results are in agreement with observations already made during the Voyager 1 ﬂyby
as reported by Sittler et al. [2005]. Analyzing the spectra from the PLS instrument, they found that ﬁnite
gyroradius eﬀects are dominant in the interaction of Titan with the corotating magnetospheric plasma.
4. Outﬂow Region and Estimated Escape
During 27 of the 73 analyzed ﬂybys, pickup ion signatures with the expected narrow pitch angle distribution,
i.e., captured in an early phase of the ring distribution, were observed. The locations with respect to Titan are
indicated in Figure 8.
From Figure 8 it is obvious that the pickup ion signatures are consistently observed on the anti-Saturn side.
Given that the nominal corotation electric ﬁeld points away from Saturn and that the ideal corotation direc-
tion is a good approximation as reported by Arridge et al. [2011], the fact that the signatures are observed
in the anti-Saturn side of the moon is an additional conﬁrmation that they correspond to freshly produced
pickup ions.
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Figure 8. Location of pickup ion signatures observed by CAPS/IMS. Titan is the sphere in the center with the spherical
transparent grid representing the exobase; all the ﬂyby trajectories (up to T83) are represented by dashed lines, and the
blue regions are where the signatures were observed. T70 is marked with a red line. The parallel green lines show the
ideal corotation direction. The plot is shown in TIIS coordinates with an (left) equatorial projection and a (right) side
view from the anti-Saturn side.
The detection of signatures outside the equatorial plane as observed in Figure 8 (right) arises both fromdetec-
tion of pickup ions originating from high latitudes but also from the fact that themagnetic ﬁeld duringmany
of the ﬂybys has also a nonnegligible 𝜃 component,meaning that the electric ﬁeld can also have a component
pointing away from the equatorial plane.
By taking three diﬀerent planes along the X direction limited by the regions where signatures are observed as
representative of the regionwhere freshly producedpickup ions escape,we are able to give an estimate of the
contribution to the atmospheric escape from the observed species. We do this by integrating the diﬀerential
energy ﬂux (DEF) for the signatures of interest taking into account the angular distribution shown in Figure 3
(left). The enhancement is constrained to∼40∘ in elevation (two adjacent anodes) by∼20∘ in azimuth (which
is related to the instantaneous pitch angle coverage of a given anode). This corresponds to a solid angle of
∼0.24 sr.
Even though the width of the signature may present variations from one detection to the other, the fact that
the detections are always at a pitch angle of 90∘ and that they are always constrained to one to two adjacent
anodes sets this solid angle value as an upper limit for the distribution. For this reason, a solid angle of∼0.24 sr
is used for all the detections.
The DEF is calculated from the counts detected by the instrument according to equation (1), where CAccum
are the counts detected by the instrument during an integration time (dt), SF is a scale factor that takes into
account the microchannel plate gain, and G is the geometric factor of the instrument in m−2⋅ sr−1⋅ eV/eV,
which is dependent on the anode and the energy step.
DEF =
CAccum
(dt)(SF)(G)
(1)
The fact that the geometric factor of the instrument already includes the energy step of each channel implies
that the integration is made by simply adding the ﬂuxes detected at the energy bins where the enhancement
is observed.Given thenarrowdistribution inenergyof the featuresbeing considered in this study, only theﬂux
at the peak energy is considered since the adjacent bins present ﬂuxes that are at least 1 order of magnitude
lower (Figure 4).
We took diﬀerent planes to compare the escape rates at diﬀerent locations. The planes are parallel to the Y-Z
plane at X = 1, X = 1.6, and X = 2.4 and contain the signatures of the ions that are observed downstream
of the moon, even though still on the anti-Saturn side. For the escape calculations an average of the ﬂuxes
from the ﬂybys that crossed a speciﬁc plane was taken and integrated all over the area of that plane. For each
ﬂyby, the mean value of all the detections made during that ﬂyby is used.
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Figure 9. (left) Polar and (right) three-dimensional view of the three planes used to calculate the pickup ion ﬂuxes as
described in the text. The ﬂybys contributing to the calculation of each plane are depicted by lines with the same color
as the corresponding planes. The ﬂybys that do not contribute to the calculations are shown with dashed lines.
Figure 9 shows a polar (left) and a 3-D (right) view of the three planes usedwith the ﬂybys color coded accord-
ing to the plane to which they contribute. For ﬂybys contributing to more than one plane, diﬀerent sections
of the trajectory are colored according to the plane they cross at a given sector.
The cross sections of the planes can serve as an estimate of the region where ions escape, even though
given the low number of samples available, these cannot be taken as an accurate estimate. However, and as
expected, the cross section of the parallel planes on the X direction grows with the distance from the moon,
something caused by the widening of the tail region with distance as simulations indicate.
The areas in R2T for each plane are 3.56 (X = 1), 5.68 (X = 1.6), and 18.9 (X = 2.4). The fact that the areas grow
with increasing distance from the moon is consistent with ions propagating outward in diﬀerent directions.
The coordinates of the corners of each plane as well as the corresponding areas are listed in Table 1.
In terms of DEF, for the ﬁrst plane (X = 1), with ﬁve data points (T11, T16, T55, T57, and T63), the median of
the values measured was 8.6 × 1010 m−2⋅ sr−1⋅ s−1. For the second plane (X = 1.6), with ﬁve data points (TA,
T16, T55, T57, and T63), the median was 1.5 × 1011. Finally, for the third plane (X = 8.3), with four data points
(TB, T3, T62, and T63), the median was 1.3 × 1011.
For each of the three planes (X = 1, X = 1.6, and X = 2.4), the estimated ion outﬂow was, respectively,
8.3×1022 ions⋅ s−1, 2.4×1023 ions⋅ s−1, and 4.2×1023 ions⋅ s−1. Taking the average of the individual ﬂuxes, an
estimate of 3.3+3−2 × 10
23 ions⋅ s−1 was obtained. A summary of all these values and the corresponding errors
is shown in Table 2.
Using an expression for the phase space density derived from the Vlasov equation, Hartle and Sittler [2007]
showed that the ratio between the gyroradius of an ion component and the scale height (𝛼 = rg∕H) is a crucial
factor determining the type of interaction. If 𝛼 << 1 the interaction is ﬂuid like while for 𝛼 >> 1 the pickup
ions are detected as beams, as the ones reported in this study.
They also found that the pickup ion density increases with decreasing values of 𝛼 due to more sources
contributing to the detection location. The diﬀerences between the three planes might be a result of this
Table 1. Coordinates of Corners and Areas of Planes Used to Calculate Fluxesa
Plane Corner 1 Corner 2 Corner 3 Corner 4 Area
X = 1 (1.00, −4.08, 0.00) (1.00, −4.08, 1.53) (1.00, −1.75, 1.53) (1.00, −1.75, 0.00) 3.56
X = 1.6 (1.60, −3.63, −1.11) (1.60, −3.63, 1.88) (1.60, −1.73, 1.88) (1.60, −1.73, −1.11) 5.68
X = 2.4 (2.40, −7.82, −0.94) (2.40, −7.82, 1.59) (2.40, −0.37, 1.59) (2.40, −0.37, −0.94) 18.9
aThe coordinates are given as (X ,Y ,Z) vectors in units of RT . The areas are given in units of R
2
T .
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Table 2. Median and Deviations From Diﬀerential Energy Flux
(DEF) Measurements (in m−2⋅ sr−1⋅ s−1) and Particle Fluxes
(in ions⋅ s−1)
Plane DEF Particle Flux
X = 1 8.6 ± 0.2 × 1010 8.3 ± 0.2 × 1022
X = 1.6 1.5 ± 0.03 × 1011 2.4 ± 0.04 × 1023
X = 2.4 8.3 ± 0.2 × 1010 4.2 ± 0.1 × 1023
dependence, but due to the relatively low statis-
tics, with only four or ﬁve ﬂybys crossing each
plane, this cannot be deﬁnitely assessed.
5. Discussion and Conclusions
By combiningdata analysis and test particle sim-
ulations for the study of the narrow signatures
recorded by the CAPS/IMS instrument when
close to Titan, wewere able to support the inter-
pretation made by Hartle et al. [2006] that those signatures correspond to freshly produced pickup ions. We
combined a composition analysis with test particle simulations to conclude that the ions generating the
signatures indeed come from the moon’s exosphere.
Then, byperforming a survey of the signatures for all the ﬂybyswith good thermal iondata fromCAPS/IMS,we
calculated cross sections for three planes located at three positions on the anti-Saturn side downstreamof the
moon. The cross sections were constrained based on where the signatures are observed. The fact that all the
observed signatures are on the anti-Saturn side, consistent with the ideal corotation electric ﬁeld direction,
further supports the original assumption of the signatures corresponding to freshly produced pickup ions.
Finally, calculating the particle ﬂuxes through those three planes by integrating the DEF for the times where
the signatures are observed, we were able to give an estimate of the ion outﬂow by pickup ions with mass
betweenm∕q = 16 andm∕q = 28 of 3.3+3−2 ×10
23 ions⋅ s−1. This is a small fraction of the bulk ionospheric out-
ﬂowestimatedwithmidrange anddistant tailmeasurements [Coates et al., 2012; Sittler et al., 2010], something
expected since those studies take into account all the species escaping from the moon.
In terms of mass, this number corresponds to a loss of around 570 kg/d if onlym∕q = 16 is considered (lower
limit) and of 1 t/d if onlym∕q = 28 is considered (upper limit). Themass-separated results obtained by Coates
et al. [2012] are on the order of 7 t/d. This shows, in general, that the pickup process, although signiﬁcant
at around 8% to 15% of the total loss estimated on the tail (for the lower and upper limit values obtained,
respectively), is unable to give a hint on themethane problem, namely the observed imbalance between the
production and loss rates, that still remains.
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